Reliable and rapid assessment of renal function in critically ill pediatric patients is important to facilitate their appropriate treatment. If renal impairment is detected, then this could influence medical decisions regarding fluid balance and electrolyte replacement therapies as well as dosing of medications that are dependent on renal clearance. This is especially important for nephrotoxic medications to avoid toxicity resulting from drug accumulation and impaired drug elimination (1, 2) . The glomerular filtration rate (GFR) is an accepted indicator of renal function, and several methods have been established to either measure or estimate the GFR (3) (4) (5) (6) (7) (8) (9) .
Creatinine is an inert endogenous metabolic product of muscle metabolism that has a relatively constant production in the body and is present at fairly stable blood levels under most conditions (10) . Because creatinine is filtered mainly through the glomerular capillary wall (8) , a common method to estimate the GFR in both adults and children is to measure the 24-h creatinine clearance (CrCl). This is calculated after analyzing the creatinine levels in blood and in a 24-h urine sample (Table 1 , equation 1) (11) .
For overcoming the need to collect urine over a prolonged period of time, equations have been developed to predict GFR or CrCl rapidly and easily, on the basis of a person's weight, height, age, and/or sex and assuming stable renal function and steady-state serum creatinine (SCr) levels (5, 10, 12) . One empirical formula that estimates GFR in the pediatric population is the Schwartz equation, which has been studied and used extensively in pediatric practice (6, 7, 13, 14) . It was first derived in 1976 (Table 1, equation 2) and was based on the statistical analysis of height, plasma, and urine creatinine data in 186 noncritically ill children, ranging in age from 6 mo to 20 y (6,7). The Schwartz equation has since undergone several revisions. The Hospital for Sick Children has adopted a revised age-and sex-adjusted Schwartz equation (Table 1, equation 3) (6,15) to estimate GFR in pediatric patients.
The assessment of renal function presents a unique challenge in critically ill pediatric patients because of varying degrees of renal function, altered body composition, abnormal fluid status, and fluctuations in hemodynamic stability. All of these alterations could compromise the achievement of steady-state SCr levels, invalidate assumptions of stable GFRs, and, therefore, preclude the use of empiric equations to accurately assess renal function (8, 12) .
At present, the 24-h urine collection remains the standard period used in CrCl measurements. However, a 24-h collection delays the availability of measurement results and potentially increases the chance for collection errors to occur. This has been addressed in adult intensive care unit (ICU) patients, in whom 2-h urine collections have been demonstrated to achieve comparable accuracy with 24-h collections (2) . However, more heterogeneous physiologic alterations, as well as smaller plasma and urinary volumes, mandate specific validation of abbreviated tests in critically ill children.
To date, no studies in the critically ill pediatric population have assessed the agreement between CrCl derived from a 24-h urine collection and CrCl obtained from a 12-h collection, and no comparisons have been made between measured 12-or 24-h CrCl and Schwartz GFR estimations. To address these issues, we investigated whether 12-h CrCl tests were comparable to traditional 24-h tests. In addition, we assessed the validity of the conventional Schwartz equation in critically ill children with altered renal function.
METHODS

Patients.
Patients who were admitted to the pediatric ICU at the Hospital for Sick Children with an indwelling urinary catheter and had steady-state SCr levels defined as two consecutive SCr levels 24 h apart differing by Յ20% were included in the study. Patients were excluded when they received any form of renal replacement therapy (e.g. dialysis) or when they were anuric.
Study design. This prospective, observational study was conducted to determine whether 12-h CrCl measurements were comparable to 24-h CrCl measurements and to assess the validity of the conventional Schwartz equation in critically ill pediatric patients. All patients in the ICU were screened for inclusion criteria daily, and potential patients' parents/guardians were approached for consent to enroll the patients into the study. Assent or consent was obtained from patients as appropriate, according to guidelines set by the Hospital for Sick Children Research Ethics Board. The study was approved by the Hospital for Sick Children Research Ethics Board.
Demographic and admission information, including age, sex, height, weight, and medical conditions, was recorded. Information regarding urine output, fluid balance, medications, routine blood tests, protein balance, and ventilation status was collected to characterize the study population.
All urine produced by each patient and drained via his or her urinary catheter over a 24-h period was collected in two bottles in two consecutive 12-h intervals. Each urine sample was sent to the biochemistry laboratory to determine the urine volume and creatinine level. The 24-h urine collection was obtained by pooling the two consecutive 12-h samples. The coefficient of variation for the determination of creatinine levels in the serum and the urine was in the range of 3-5% (Z. Verjee, Hospital for Sick Children, personal communication, 2001).
Serum creatinine levels that were obtained from routine blood work closest to the beginning and the end of each 12-h urine collection period were averaged to obtain midpoint SCr levels for each 12-h collection period. The midpoint SCr levels for the 24-h period were obtained by averaging the SCr levels from routine blood work that was obtained at the beginning of the first 12-h period and at the end of the second 12-h period. For each patient, CrCl was calculated using (16), we determined that a minimum sample size of 50 patients was required to attain a level of significance (␣) of 0.05 and power of 0.8 (␤ ϭ 0.2) in a reliability study.
Demographic data. Nominal data were described by their relative frequencies. Continuous or discrete data were summarized by descriptive statistics. Microsoft Excel 2000 was used to perform the data analysis of demographic variables.
Agreement analyses. The agreements between 12-and 24-h CrCl and Schwartz GFR estimates were assessed using three methods: correlation analysis, Bland and Altman method, and intraclass correlation coefficient (ICC) analysis.
Correlation analysis. Correlation analysis was used to measure the strength of linear association between each pair of renal function test methods compared (17, 18) . Microsoft Excel 2000 was used to plot the correlation graphs and calculate the correlation equations.
Measure of agreement. Bland and Altman graphs plotting the difference between each pair of renal function values against the mean of each pair of values were used to evaluate the agreement between each pair of methods compared. For further assessing agreement, the 95% limits of agreement were calculated as the mean difference of the pairs of values Ϯ2 SD of the difference (17) (18) (19) . Microsoft Excel 2000 was used to plot the Bland and Altman graphs and to calculate the 95% limits of agreement.
ICC analysis. The ICC is a reliability coefficient ranging between 0 and 1, with values closer to 1 representing stronger reliability. ICC values were calculated to objectively assess reliability between each pair of renal function assessment methods in terms of consistency and conformity (20 -22) . This method accounts for differences between and within subjects, and an ICC Ն0.8 represents good agreement (23) . SPSS 10.1 for Windows was used to determine single-measure ICCs for each pair of methods compared, using a parallel, one-way random effect model and assuming equal variance in each case.
RESULTS
Sixty patients were enrolled in the study after consent was obtained from their parents/guardians. Reasons for excluding patients who otherwise met inclusion criteria were discharge from the ICU or removal of catheters within 24 h of admission to the ICU. Of the 60 patients who were recruited into the study, three were excluded from the final data analysis. The reasons for exclusion were accidental discard of a urine sample (one patient) and significant urine leakage from the catheter into the diaper (two patients). The demographic characteristics of the study population are presented in Table 2 . The distribution of the patients' reasons for admission is presented in Fig.  1 . The majority of patients were admitted to the ICU after cardiovascular surgery. The outcomes of the agreement analyses-correlation equations and correlation coefficients (r), Bland and Altman 95% limits of agreement, and ICCsbetween 12-and 24-h CrCl and between CrCl and Schwartz GFR estimates for 12-and 24-h collection periods are summarized in Table 3 .
Correlation analysis. The correlation coefficients (r) were Ͼ0.9 when CrCl values for each 12-h period were plotted against 24-h CrCl values, suggesting a strong linear relationship between 12-and 24-h CrCl measurements. The correlation was also high when CrCl values from each 12-h period were plotted against each other. Linear relationships between measured CrCl and Schwartz GFR estimates were also evident with correlation coefficients ranging from 0.7654 to 0.8108.
Bland and Altman method. The Bland and Altman technique was used to measure agreement by evaluating the difference between estimated GFR or measured CrCl for 12-or 24-h periods against the mean of each pair of methods being compared. Figure 2 provides a visual illustration of the agreement between measured 12-and 24-h CrCl, assuming that the mean of the two methods compared was the best estimate of the true value.
The Bland and Altman values presented in Table 3 are the 95% limits of agreement between each pair of methods compared. The mean difference indicated the bias of the methods being compared, and the SDs of the differences indicated the size of difference likely to arise between the * Sixty patients were recruited; one patient was excluded for accidentally discarded urine sample, and two patients were excluded for sample leakage. (21) . This approach enabled one to separate systematic error from random error but did not account for the possibility that each pair of methods compared may have agreed by chance.
ICC analysis. The ICC values presented in Table 3 for each pair of methods compared clearly show that there was good agreement between measured 12-and 24-h CrCl values because the ICC values in these comparisons all were Ͼ0.8. However, ICCs from comparisons of measured 12-or 24-h CrCl with Schwartz GFR estimates all had values of Ͻ0.8, indicating only moderate levels of agreement.
Subgroup analyses. Table 4 presents the Bland and Altman 95% limits of agreement and the ICC values for 12-and 24-h CrCl comparisons in cardiac patients alone and in other medical-surgical patients. These subgroup analyses show comparable results with those of the pooled study population. Agreement between 12-and 24-h CrCl is good, regardless of whether the cardiac patients are analyzed alone or together with other medical-surgical patients who were admitted to the ICU.
DISCUSSION
In critically ill patients, non-steady-state creatinine kinetics limits the utility of equations that assess renal function (8,12,24 -26) . Studies by Kwong et al. (1) and Fong et al. (27) showed that the empiric Schwartz equation is not an accurate index of renal function in pediatric ICU patients. Because it is likely that medical decisions and drug dosing decisions that are affected by renal function will need to be addressed before the completion of prolonged urine collections and analyses, the clinical utility of endogenous CrCl may be improved and the inaccuracies associated with incomplete urine samples may be decreased by shortening the 24-h urine collection period to more convenient time intervals (2,28 -32) .
Statistical analysis. The sole use of correlation analysis could not effectively determine the agreement between the various methods of renal function measurements assessed in the present study and answer the question of whether the various methods of measurement could be used interchangeably (20) because correlation analysis takes random error into account but is insensitive to systematic error (17) (18) (19) . Therefore, the Bland and Altman method of agreement analysis was used to further analyze the data.
Bland and Altman graphs were used to investigate the relationships between measurement errors and true values. Divergence was observed in these graphs as the mean of each pair of methods compared increased, indicating that the measurement error increased with the size of the measurement. Although the Bland and Altman graphs visually depicted the agreement between each pair of methods, the degree of agreement could not be quantified and related to the range of the observations. Therefore, ICC analyses were performed to determine a single measure that would objectively assess reliability among each pair of methods compared.
Our study is the first to show that 12-h CrCl is in agreement with 24-h CrCl in critically ill pediatric patients. The ICC was always Ͼ0.9, regardless of whether the first 12-h or the second 12-h CrCl was being compared with the 24-h CrCl. The agreement between each 12-h CrCl was also high, with an ICC of 0.8553. In contrast, the ICCs of the comparisons between measured CrCl and Schwartz GFR estimates for different urine Potential limitations. In our study, the time at which the urine collections were started was not standardized. Several studies have suggested a circadian rhythmicity for CrCl, which could introduce discrepancy in CrCl predictions depending on the time of the day. However, none have been able to substantiate such a phenomenon (8, 31) . In the present study, urine samples were collected throughout a 24-h period in two consecutive 12-h aliquots for each patient. Therefore, the urine collection period would have encompassed all, if any, circadian variations that would have occurred during the 24-h period.
Although CrCl was measured in all patients in the study, the measurement of CrCl has its own limitations. Because creatinine is secreted to some extent in the kidney, CrCl becomes an overestimation of the true renal function in patients who are renally compromised. Aside from using endogenous markers such as creatinine or urea and exogenous markers such as inulin or radioisotopes, another way to assess renal function is to measure the clearance of drugs such as aminoglycosides and vancomycin, which are primarily filtered through the kidneys and easily measured in urine and blood samples (33) . By measuring the kinetic disposition of these medications in patients who received them as part of their drug therapy during the study, it may have been possible to compare their calculated CrCl and estimated Schwartz GFR values with their aminoglycoside or vancomycin pharmacokinetics. However, it was not the objective of the study to compare pharmacokinetics of drug dosing and renal function in patients but rather to use CrCl to help dosing of medications. Therapeutic drug monitoring was not performed intentionally for patients in the study, and not all patients were receiving aminoglycosides or vancomycin during the study period. Therefore, it was not possible to reliably extrapolate aminoglycoside or vancomycin kinetics in the context of the patients' CrCl measurements and Schwartz GFR estimates.
Cardiovascular surgery patients comprised 50.9% of the study population. This was a fair representation of the population of patients seen in the ICU at the Hospital for Sick Children. Despite the large proportion of cardiac patients compared with other patient groups, it was not likely that the cardiac patients influenced the results, because 12-h CrCl was compared with 24-h CrCl within each patient (cardiac patient or other) and not between different patient groups. Thus, each patient served as his or her own control. As presented in Table   4 , separate Bland and Altman and ICC subgroup analyses of the agreement between 12-and 24-h CrCl in cardiac patients and other medical-surgical patients yielded comparable results to those of the pooled population.
CONCLUSIONS
Renal failure is an important determinant of morbidity and mortality. Children are an especially important group of critically ill patients because of their developmental potential and because many drug-dosing and toxicity profiles are not as well characterized in children as in adults. This study demonstrated that a 12-h urine collection period is just as accurate as the standard 24-h collection period to determine CrCl. This finding has the potential to improve renal outcomes, drug use, and morbidity and mortality in critically ill children in a more timely manner. 
